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ABSTRACT 
The global need for cheap environment friendly energy generation has grown over recent 
decade due to the depletion of fossil sources. Considering the needs of future generation, 
renewable sources are the main focus of research work in recent decades. Compared to other 
sources wind energy is found to be one of the preferred alternative for many power corporation. 
But because of the random and erratic nature of wind some mean of control strategy must be 
developed in order to extract as much power as possible. 
Therefore in this thesis a Hill-climb search (HCS) algorithm is implemented which can 
efficiently track the optimum power point at fast varying wind condition and also demonstrates 
battery connected operation for an independent wind energy conversion system (WECS). The 
hill-climb search algorithm is independent of the wind turbine power-speed characteristics and 
the wind speed hence it is a sensor less approach. Here the wind speed is changed in step wise 
manner and the maximum power is tracked using the HCS algorithm in SIMULINK based 
environment. Thus a variable speed operation is obtained from the permanent magnet 
synchronous generator (PMSG). Due to variable speed operation and variation of load (due to 
fault and overload condition) leads to huge oscillation and variation in the grid frequency and 
voltage waveform. Hence a voltage-frequency (VF) controller is designed to bring down the 
change in voltage and frequency into permissible limit. The VF controller is operated by a 
voltage source converter (VSC) and hybrid battery storage system. The VF controller regulates 
the active and reactive power supplied by battery and the generator and controls voltage and 
frequency fluctuation. In order to verify the proper working of the VF controller different load 
disturbances are introduced to the WECS and the voltage and frequency of the three-phase 
three-wire connection system are monitored regularly in a MATLAB based SIMULINK 
environment. 
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1. CHAPTER 1 
1.1 Introduction 
Due to the increasing environmental concern the old ways of power generation by burning 
fossil fuel has been substituted by much suitable and environment friendly renewable 
sources. Scientists have predicted that there is only a limited amount of fossil fuels in the 
earth’s crust and it is going to deplete within 30-50 years. So, we need to come up with 
some other viable and more effective alternative which lead to increased focus on 
renewable sources. Wind energy is safe, inexhaustible, environment friendly and is 
capable of supplying growing energy demand. But, due to the erratic nature of wind a 
smart control strategy have to be designed to capture power equivalent to the theoretical 
limit. The development of modern WECS (wind energy conversion system) goes back to 
the year 1970 but it is the recent decades that has shown a rapid growth in this field. The 
important breakthrough in modern power electronic devices, turbine aerodynamics and 
signal processing has increased the production capability and reduced the cost of WECS. 
Explorations in the field of maximum power from wind conversion system has been a 
crucial part in transforming wind energy a preferred alternative in energy industry. 
1.2 Wind Energy Global Market 
Wind energy has been utilized over generations for sailing, milling grains and pumping 
water from water sources. Until the late nineteenth century it has never been used for 
production of electricity. It was the late 1990s when the technique evolved enough to put 
it into mass production. Some of the key player in the global market of wind energy are 
China (115 MW), USA (66 MW), Germany (39 MW), India (22.5 MW) and Spain (22 
MW) as shown in the Figure 1. Also from the chart in Figure 2 it is evident that the wind 
energy industry has been growing at a rate of 30 percent every year from 1996-2014 with 
a minor setback in the year 2013. The increased demand of wind energy has raised its 
current demand to 369,597 MW or 370 GW. And it is expected to grow at a rate of 40 
percent in the coming years. The major contribution to the success of WECS is due to the 
latest development and research going in the field of power electronics and electrical 
machine which has lowered its cost as well as increased its efficiency. 
Wind energy is not just environment friendly but also its development strengthens local 
economies and it also makes countries self-sufficient and keeps them away from macro-
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economic shocks that are caused due to increase in price of global commodities like oil, 
gas and coal. The wind energy program in many countries have been appreciated and 
boosted by their government. In India wind energy project started in the 1990s, and since 
then it has grown significantly fast in the recent few years. India is currently the fifth 
highest producer of wind energy. The wind energy installation are mainly spread across 
the south west coastal states of India. Suzlon, an Indian based company currently captures 
about 43 percent of wind energy market share in India. Its success has made India one of 
the developing leaders in modern wind energy technology. Muppandal windfarm (1500 
MW) in Tamil Nadu is the largest wind power plant in India. And there are over 24 wind 
power plants in India with generation capacity exceeding 10 MW. But, still the wind 
power accounts only 8.5 percent of our countries total installed power generation 
capability as of 2015. The main barrier to the expansion of wind energy in India is the 
heavy installation cost, and unreliable wind conditions in India. The cost of installation 
and other production cost hugely affects the cost of wind generated power and hence 
government should provide some relaxation and subsidy to the consumer and the power 
plants so that the popularity of wind turbine can be continued. According to the prediction 
of MNRE the total wind energy power generation capability will double by the year 2022. 
This clearly shows the increasing popularity of wind power plants and its future in the 
upcoming years.  
 
Figure 1. Top 10 Wind generation capacity in 2014 [1] 
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Figure 2. Global annual installed wind speed capacity in watts within year 1996-2013 [1] 
  
 
1.3 Energy Conversion Principle for Wind Turbine 
 
The energy contained in wind is extracted using the wind turbine blades, as the wind 
flows the blades starts rotating. The power trapped in wind is given by 
 
𝑃𝑚,𝑤𝑖𝑛𝑑 =
1
2
𝜌𝐴𝑉𝑤
3 
 
(1) 
and the power captured by WG blades 𝑃𝑚 is a function of blade profile, radius (𝑅), wind 
speed (𝑉𝑤) and power coefficient (𝐶𝑝). 
 
𝑃𝑚 =
1
2
𝜌𝐴𝑉𝑤
3𝐶𝑝 =
1
2
𝜌𝐶𝑝(𝜆, β)𝜋𝑅
2𝑉𝑤
3 
 
(2) 
Where 𝜌 is air density (typically 1.225 kg per m3) and 𝐶𝑝 is a function of tip-speed ratio 
(𝜆) and pitch angle (β). 
 
𝜆 =
𝑤. 𝑅
𝑉
 
 
(3) 
Where w is the WG rotor speed of rotation (rad/s). 
A typical mechanical power versus rotor speed curve for a wind turbine is represented in 
Figure 3. Maximum wind turbine power output in per unit is achieved at a given speed 
0
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when power coefficient 𝐶𝑝 is maximum, and after applying Betz limit. Betz limit is the 
maximum possible theoretical limit up to which it is possible to extract wind power. And 
for a given tip speed 𝐶𝑝 is maximum at pitch angle equal to zero. The turbine is connected 
to the generator, therefore the wind generator (WG) output power is given by  
 𝑃0 = 𝑃𝑚 ∗ 𝜂𝑔 ∗ 𝜂𝑐 
 
(4) 
where  𝜂𝑔 and  𝜂𝑐 are the generator and rectifier efficiencies respectively. 
 
 
Figure 3. Wind turbine Output characteristics for zero pitch angle [2] 
  
1.4 Maximum Power Point Extraction Concept 
In order to obtain maximum efficiency and for maximum utilization of wind turbine 
system it is necessary to extract as much power as can be extractable at any wind speed. 
This is so because of the erratic nature of wind speed and its seasonal availability. Form 
the Figure 3 it is clear that there exist only one optimum power point for any speed. As 
the turbine do not always operate at optimum wind speed and depends on generator 
loading hence it keeps on varying due to fluctuation in load and wind speed. This process 
of power conversion is in-effective as it leads to wastage of wind energy. There comes 
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the concept of maximum power point tracking (MPPT), which is designed to track the 
optimum point in power versus speed curve at different wind speed. 
From the wind turbine power equation (2) it is clear that maximum power corresponds to 
maximum 𝐶𝑝. For a particular pitch angle maximum 𝐶𝑝 occurs at a particular tip-speed 
ratio (TSR). Hence to achieve maximum power at a particular wind speed, rotational 
speed of turbine must be set at optimum TSR value. For turbines with fixed speed 
operation there can only be one optimum point corresponding to a particular speed. Hence 
it is not possible to carry out the MPPT operation in fixed speed operation. Where as in 
variable speed operation extraction of maximum power is possible at all wind speed as it 
will allow the turbine speed variation. Variable speed operations are therefore preferred 
in most WECS. 
1.5 Voltage and Frequency Control Action 
In fixed speed operation there is no need for voltage or frequency control as the generator 
and grid shares the same frequency. But, in case of variable speed operation the need for 
control is inevitable. Due to variable speed operation the wind generator and grid 
frequencies are different and any change in load or wind speed can affect the grid voltage 
and frequency. This leads to a weaker grid, prone to faults and power outage. In order to 
avoid this we must design a controller which will damp out the variation in the voltage 
and frequency. This will confirm a reliable and steady power generation. 
1.6 Motivation 
The motivation behind this project is to design a standalone WECS for areas which are 
located far away from AC grids. These remote areas do not have other sources and hence 
people in such places rely completely on renewable energies. Wind energy is a preferred 
choice where there is abundant supply of wind at most of the season of the year. There 
are other benefits of wind energy which can be of great use such as it is environment free, 
it can be a great source of local economy s they can sell excess energy to grid and they 
earn handsome money out of it, also it gives a nation self-sufficiency and help them 
stabilize their economy during macro-economic crisis. But due to the erratic and 
unpredictable nature of wind it is needed to design a control strategy to optimize power 
production at different wind speeds. This leads to a variable speed operation but due to 
change of load conditions there are rapid variation in grid voltage and frequency. This 
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reduces the reliability of WECS a most of the household instrument have a fixed range of 
operating voltage and frequency and change in these values leads to malfunctioning and 
reduced life of devices. Hence a voltage-frequency controller must be designed to keep 
the change in permissible limit. 
1.7 Objective 
The main aim behind the project is to  
 Design a power optimisation technique. The task of power optimisation is 
accomplished by designing a maximum power point tracking algorithm in 
MATLAB script and using it in SIMULINK environment.  
 Design a voltage and frequency controller for above WECS. The control action of 
voltage and frequency is achieved through designing a voltage-frequency (VF) 
controller which in turn controls the pulse width modulation (PWM) inverter. This 
process is further enhanced by using battery storage system (BSS). During low 
speed BSS provides the excess power and during high speed battery gets charged.  
This leads to more reliable power supply and a better active and reactive power control. 
The plots of output power of PMSG is plotted with and without the implementation of 
MPPT strategy and the result is discussed. Also, the load frequency, DC link voltage, 
output power to grid, and battery charging/discharging though its power plot are observed 
and plotted in SIMULINK scope. 
1.8 Organisation of Thesis 
The complete layout of this thesis is outlined as follows: 
Chapter 1 provides a brief idea about the topic and the current status of wind energy in 
global scenario. It also states the need for maximum power point tracking and voltage-
frequency controller. As well as the motivation and objective behind this project. 
Chapter 2 Review details various components used in WECS with its configuration. In 
this section the advantages and disadvantages of different wind turbines, and different 
modes of operation of wind turbine are discussed. It also contains a literature review on 
different methods of maximum power point tracking algorithms and voltage-frequency 
control theories. 
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Chapter 3 describes different MPPT algorithm and the proposed one in detail. It also 
overviews the theory and working of the applied voltage and frequency controller. Along 
this it also describes the battery storage sub-system and load sub-system. 
Chapter 4 shows the modelling and rating of the components used in the WECS in 
MATLAB based SIMULINK environment.  It also uses the maximum power point 
algorithm as well as the VF controller and tests it under various wind speed and load 
conditions. By carefully observing the output, it discusses the result. Also the rating of 
the components of WECS are provided in this section. 
Chapter 5 provides the conclusion and also shows the possibilities of future works that 
can be carried out later based on the project results. 
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2 CHAPTER 2 
2.1 Literature Review 
Due to increasing pollution and depleting fossil fuel reserve enrgy generation has been 
focused on reneable sources. Renewable sources such as solar, wind and hydro are not 
only easily available but are also environment friendly. Due to the development in the 
field of solid state drives the energy xtraction from such sources has gone down and new 
reaserch are going on based on this field. Among these wind generator has been a 
preferrable choice for power production by many generation companies. For stand-alone 
system solar, wind or hybrid energy has been used over few years. Use of hybrid system 
[3-8] is found to be very difficult when it concerns to grid connectivity because it needs 
precision of power sharing between photo-voltaic and wind turbine must be adjusted for 
reliable power supply.  
In order to generate power wind energy conversion system (WECS) can either be driven 
in fixed speed mode or in variable speed mode. Compared to the variable speed wind 
turbines, fixed speed wind turbines are simple in design, mechanically robust, cost 
effective, need lower level of maintenance and are very reliable. In fixed speed mode any 
change noticed in wind speed results in power fluctuation of the grid. The variable speed 
operation leads to higher energy yeild and lower level of power fluctuation compared to 
fixed speed operation [9-11]. Also it leads to less stress on the wind turbine and other 
mechanical part as the sress gets absorbed in turbine rotor leading to reduced torque 
pulsation which leads to better power quality. Different tpes of generators are employed 
for variable speed opeartion such a synchronous generator (PMSG, WFSG) and induction 
generator (DFIG, SCIG). 
But due to the erratic nature of wind energy an efficent tracking algorithm must be 
designed to capture as much power as possible. For this purpose different literature has 
used different controller. In one method the wind generator power-speed graph is used as 
the reference power [12-13]. Then the difference in the reference and the calculated power 
is fed back to the controller which in return generates the control signal which ultimately 
makes the output power maximum. Another literature uses anemometer to sense the wind 
speed and then estimates the generator speed and compares it with the actual value, the 
error is feed back to the controller for optimization [14]. These methods are less reliable 
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as they require the wind energy power-speed characteristics or accurate measurement of 
wind speed which is impossible and the characteristics gets changed on rotor aging. 
Whereas hill climb search (HCS) algorithm does not require the wind energy power-speed 
characteristics and is very simple to implement as represented in [15-19]. But this 
represented algorithm suffers from false tracking as power also changes as the wind speed 
varies. This is dealt in [20] but, it too involves the measurement of wind speed which 
makes the system unreliable. Another approach involves fuzzy based power optimization 
[21-23]. But, the system is too complex and the computation of different weights must be 
accurate for proper power optimisation. 
Due to variable speed operation and change in load condition voltage and frequency of 
WECS fluctuates and it need to be controlled for stable and reliable power. As most of 
the equipment used in industry and houses has a specific range of working voltage and 
frequency hence a voltage-frequency controller design must be designed. In [24] a voltage 
and frequency (VF) controller for DFIG based wind energy conversion system is 
discussed. It shows a direct and an indirect approach of control system. In [25-34] such a 
system is discussed with a battery connected system is discussed where the voltage-
frequency controller updates the reference source current and the output signal controls 
the pulse width modulator input to voltage source inverter. In some of the literature it is 
also known as Hysteresis control technique [35]. Therefore there are four major VF 
control theory heavily studied upon such as SRF theory, Instantaneous current component 
theory (ICC), and SVPWM theory. 
In this thesis perturb and observe form of hill-climb search (HCS) algorithm is 
implemented which can efficiently track the maximum/optimum power point (MPP) at 
changing wind conditions [36-38] and also shows a battery storage system for a 
standalone wind energy conversion system (WECS). The VF controller based on SRF 
theory is operated by a PWM Inverter and hybrid battery storage system. The VF 
controller adjusts the active and reactive power supplied by battery and the generator and 
controls voltage and frequency fluctuation. In order to introduce to verify the proper 
working of the VF controller different load disturbances are introduced to the WECS and 
the voltage and frequency of the three-phase three-wire connection system are monitored 
regularly in a MATLAB based SIMULINK environment. 
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2.2 Wind Energy Conversion Technique 
A general Wind power conversion system involves a wind turbine, a wind generator and 
a gear box arrangement. Therefore different types of available turbines and generators are 
discussed below. 
2.2.1 Wind Turbine 
Wind turbine is the first and the most important part of wind energy conversion system. 
Depending upon the axis of orientation of turbine blades wind turbines (WT) are 
classified into two groups; 
 Horizontal axis WT 
 Vertical axis WT 
2.2.1.1 Horizontal Axis Wind Turbine 
As the name suggests the horizontal axis wind turbine (HAWT) blades are placed along 
the horizontal axis. The general construction of a HAWT involves a tower with a flat 
horizontal base at the top called nacelle. The nacelle mounts the generator and gearbox 
arrangement. Therefore HAWT are mechanically more complex, the gyroscopic action 
of turbine blade produces stress when yaw mechanism turns to catch the wind. Overtime 
this stress can crack the turbine blade and the entire structure will be destroyed. It has 
higher installation cost as it requires a stronger support and maintenance. But due to its 
higher conversion efficiency and self-starting action makes it popular in wind power 
plants. The turbine blades of a HAWT always faces the wind which leads to more lift 
force, and the higher altitude placement of HAWT gives it the ability of self-starting. So, 
it is better suited to be used in higher wind speed area and wide open spaces for large-
scale energy production. A typical HAWT is shown in Figure 4. 
2.2.1.2 Vertical Axis Wind Turbine 
The wind turbine is vertically mounted above the ground as shown in the Figure 4. The 
generator and the gearbox is located at the base of the structure. The VAWT needs lower 
cost of installation and vary less maintenance requirement compared to HAWT. Another 
advantage of VAWT is that, its operation is independent of the direction of wind speed 
and it works fine at low wind speed. The major disadvantage is that it has low wind energy 
conversion coefficient, it has high torque fluctuation, it cannot be used for high wind 
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operation and they are not self-starting. This limits its uses in large-scale production, but 
it can be used in urban places on the top of houses. 
 
 
Figure 4. Horizontal axis and Vertical axis WT [39] 
 
2.2.2 Types of HAWTs 
Depending on turbine speed control action, wind turbines are of three types. They are 
provided below. 
2.2.2.1 Stall Control 
In stall controlled WT the turbine blades are affixed to the structure at a definite angle. 
The blade aerodynamics is such that it automatically slows down at strong wind 
conditions. The stall control is due to the turbulence action of wind on rotor blade which 
reduces the lifting action to a minimum. In order to have gradual stalling action the blade 
profile is twisted slightly. 
2.2.2.2 Pitch control 
In wind turbine pitch controlled system the angle of incidence of wind with rotor blade 
is changed for the purpose of adjusting the output power. This is done by real-time 
checking of output power. At strong wind the turbine pitch angle is changed 
automatically, which in turn reduces the lift force and keeps the turbine speed and power 
in permissible range. 
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2.2.2.3 Active Stall Control 
Active stall control turbines are much like pitch controlled wind turbine at low wind 
speed and more like stall controlled wind turbine at strong wind condition. When wind 
speed is above normal level the stall mechanism turns the blade away from wind hitting 
perpendicularly leading to partial wastage of wind energy which could have overloaded 
the generator. Stepper motor and hydraulic brakes are employed for this scheme. 
Apart from these control there are other modes of breaking used for wind turbine such as, 
electrical breaking, mechanical breaking and yaw control. 
2.3 WECS Based on Working Speed 
Based on working speed there are two major types of WECS they are fixed speed wind 
energy conversion system (FSWECS) and variable speed wind energy conversion system 
(VSWECS). In FSWECS the rotor speed is fixed to a particular value. Whereas in 
variable-speed operation rotor is allowed to move freely. 
2.3.1 FSWECS 
As the name suggests FSWECS employs a fixed rotor speed arrangement. This type of 
configuration is very popular in Denmark. So they are also known as “Danish WECS”. 
For FSWECS induction generators are generally employed, because of the direct coupling 
existing between stator and the grid.   Compared to VSWECS, FSWECS are mechanically 
robust, cost effective, low up-keeping and reliable. At a fixed load and rotor speed 
FSWECS works perfectly and does not need any voltage frequency stabilization. But, any 
change in load or speed of wind will lead to power grid oscillation, hence a rigid grid 
must be designed for this system. Optimum power extraction cannot be carried out in 
such system as the rotor speed is kept constant. 
2.3.2 VSWECS 
In VSWECS unlike FSWECS the generator and grid do not share a direct connection but, 
a convertor and inverter interface is used. This provides decoupling and speed control of 
the system which means the generator frequency can be different from that of grid 
frequency. Hence maximum power tracking operation can be employed for such a system. 
Generators used for this purpose are synchronous generator and induction generator. 
Compared to fixed speed operation the generated mechanical stress is absorbed by the 
turbine rotor in case of variable speed operation hence, there is reduced torque pulsation 
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which leads to better power quality. But this kind of system leads to more expense on 
power electronic circuits. 
2.4 VSWECS Equipment 
2.4.1 Synchronous Generator 
The generator has poles as rotor housed on the prime mover carrying a three phase 
winding and armature as stator housed inside the body. According to the rotor design 
synchronous generators are of two type salient rotor and cylindrical rotor. Salient pole 
synchronous generator are large in size and are used in low speed high torque application. 
Cylindrical rotor are used for high speed and low torque application. Depending on type 
of excitation synchronous generators are of two type permanent magnet synchronous 
generator (PMSG) and Wound field synchronous generator (WFSG). Higher power 
application require WFSG whereas PMSG is preferred for low power application. WFSG 
are bulky and require large size converter where as PMSG are smaller in size but the cost 
of constant permanent magnet is too high and must not be neglected. In order to 
implement optimum power capturing technique a rectifier-inverter circuit is used as 
interface between generator and grid (see Figure 5). The advantages of synchronous 
generator are; 
1. No gear box requirement. Gear box involves faults and break downs which needs 
frequent attention. 
2. Self-excited. There is no need for external exciter or prime mover. Hence higher 
power factor and efficiency can be achieved. 
3. High power to mass ratio. So compared to other equivalent rating generators 
synchronous has the least size.  
 
Figure 5. Permanent magnet synchronous generator based WECS 
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2.4.2 Induction Generator 
Induction generator or asynchronous generator is also a suitable candidate for variable-
speed application. There are two types of induction generator, first one is doubly fed 
wound rotor induction generator (DFIG) and the second one is squirrel cage induction 
generator (SCIG). As the name suggests DFIG has two sources of excitation, the stator 
which is directly linked to AC grid providing required magnetising current and the rotor 
is coupled with Acrid through converter-inverter arrangement. The power ratings of the 
converters are very low compared to the rated capacity equivalent to the slip power. Also, 
DFIG can automatically regulate power between stator and rotor winding. The major 
disadvantage of DFIG is that it uses slip rings and the slip ring has to be replaced 
frequently which needs frequent maintenance. In case of SCIG the stator winding is 
linked to AC grid through converter-inverter circuit (see Figure 6). The converters are 
oversized, bulky and costly in case of SCIG. Rotor side converter is responsible for torque 
control and grid side inverter are responsible for active/reactive power management. 
Induction generators are preferred for low power application and synchronous generators 
are preferred for high power application as the energy density (energy generated in MW 
per weight in kg) is more for synchronous generator. Also synchronous generator does 
not require gear arrangement which makes it maintenance free compared to SCIG where 
gear arrangement is a necessity.  
 
 
Figure 6.  Doubly fed induction generator based WECS 
 
 15 
 
 
2.5 Voltage Frequency Control Techniques 
There are two general types of VF control schemes incorporated in wind energy 
conversion system; 
a. Synchronous reference frame theory (SRF) 
b. Instantaneous current component theory (ICC) 
c. SVPWM theory 
2.5.1 Synchronous Reference Frame (SRF) Theory 
This form of VF controller evaluates the reference load current using synchronous 
reference field theory (SRF) and PI controllers are tuned to nullify steady state error. The 
load current is transformed from a-b-c frame to d-q-0 frame with the help of Park’s 
transformation theory. The d-q axis current consists of fundamental and harmonics from 
which harmonic components are removed using low-pass filters (LPF). In order to 
estimate d-axis current component, system frequency is obtained through phase locked 
loop (PLL). The error between PLL estimated frequency and reference frequency is fed 
to proportional-integral (PI) controller. The total d-axis load current is achieved from the 
error between the output of LPF and PI controller output. In order to estimate the q-axis 
source current the difference between reference voltage and terminal voltage amplitudes 
is fed to PI controller. The difference between the q-axis DC component and PI controller 
output gives the q-axis reference load current. The reference load current from d-q-0 
frame is transferred to a-b-c frame using inverse Park’s transformation theory. The three 
phase reference load is obtained from the VFC output. The pulse width modulation (PWM) 
generator receives its input from the error between reference load current and load terminal 
current values. The PWM inverter gate signal is supplied by the PWM signal generator. 
 
2.5.2 Instantaneous current component (ICC) theory 
In this form of VFC reference current is obtained using ICC detection theory. The in 
phase and phase shifted voltage is obtained using PCC phase and instantaneous voltage 
amplitudes.  
 
𝑉𝑖 = √
2(𝑉𝑎
2 + 𝑉𝑏
2 + 𝑉𝑐
2)
3
 
(5) 
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To determine the three phase frequency phase locked loop (PLL) is used, and using peak 
detection algorithm the amplitude of phase voltage is obtained. In order to sense the active 
power reference signal, a discretise circuit and peak crossover detection, and a phase 
sifted voltage are used. The error observed in between the active power of the load and 
the proportional-integral (PI) controller output gives the active power reference value. 
Like the active power, reactive power reference value is obtained from the error observed 
in between the reactive power of the load and the PI controller output as shown in 
equations (6) and (7). 
 𝑃𝑔
∗ = 𝑃𝑓(𝑚) − 𝑃𝐿(𝑚) (6) 
 𝑄𝑔
∗ = 𝑄𝑓(𝑚) − 𝑄𝐿(𝑚) 
 
(7) 
Like SRF control scheme here too the pulse width modulation (PWM) generator receives its 
input from the error between reference load current and load terminal current values. The 
PWM inverter switching signal is supplied by the PWM signal generator. 
2.5.3 SVPWM Theory 
This technique of VFC evaluates the stator linkage flux and the generator torque by 
estimating reference d-q axis current values. The dynamic performance of such a system 
is improved. From the phase current values d-q axis current values are estimated using 
Clark and Park transformation theories.   The technique used in this control strategy 
controls the generator torque, speed and flux linkage in a three-way single approach. The 
error in speed is fed to PI controller which gives the generator torque and the error in 
torque is fed to another PPI controller whose output gives the phase angle difference 
between PMSG flux and actual stator flux. From these values of PWM control signal is 
achieved using inverse Park’s transformation.  
2.6 Boost DC-DC converter 
Wind is erratic in nature and often has low availability at most of the times, in order to 
generate a constant high voltage at low wind condition a boost converter must be used. 
DC-DC boost converter raises the DC voltage level from any voltage level to a fixed 
higher voltage. Boost DC-DC converter employs a power electronic switch, a capacitor, 
a diode and an inductor (see Figure 7). The gate pulse of the switch is provided by a 
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variable pulse width generator. A PWM pulse generator can be used for this purpose as 
we can easily achieve variable duty cycle. The duty cycle is changed according to the 
MPPT algorithm. 
 
Figure 7. DC-DC Boost converter model 
2.7 PWM Inverter 
The Inverter is such a device which is employed to convert DC to AC and it can also 
convert AC to DC. It consists of six electronic switches connected to boost converter 
output at one end and three phase three wire load in the other (see Figure 8). It helps in 
controlling active and reactive power independently. As the reactive power regulates the 
dynamic voltage, hence the system stability can be improved using PWM inverter. This 
ability of PWM inverter makes its application in weak AC networks. Hence in order to 
summarise the benefits of PWM inverters are; 
a. It leads to precise control of grid power 
b. Stabilizes the loading of transmission line to its rated thermal limit 
c. Limits the effect of faults between two system by reducing the chance of 
cascading outage of connected grids 
d. Suitably transmitting from offshore wind farms to AC grids on mainland. 
Lc
CcS
Vin
Vo




D
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Figure 8. PWM inverter model 
2.8 Pulse Width Modulation (PWM) Generator 
The PWM generator used to generate rectangular pulses for controlling the on/off of the 
switch. The major advantage of using PWM controller are; 
1. The switching power loss is very low as at switched off condition it takes no 
current and during on period power transfer is possible, so there is no voltage drop 
across the electronic switch. 
2. Variable duty cycle can be easily changed, hence it finds its application in most 
of the digital control circuits. 
2.9 Power Optimization Techniques 
For power optimization it is needed to design a control algorithm which is optimized, 
less-complex and effective. There are three major speed control algorithm for variable 
speed operation they are; 
2.9.1 Tip speed ratio (TSR) 
For a particular rotor speed optimum tip speed ratio is fixed and is independent of 
wind speed. If in any means the TSR is allowed to be at the optimum value at all 
wind speed then energy extraction will be maximized. This method of control 
regulates the generator speed and compares it with the actual value, and then the 
difference is feed back to the controller for optimization. The actual value or the 
optimal TSR value is obtained either through experimental result or from theory 
which can be stored in a look up table or in a memory (see Figure 9). But the 
major drawback of this type of system is accurate measurement of wind speed is 
very difficult and the set up increases the cost of the system. 
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Figure 9. Tip speed ratio MPPT control strategy 
The actual wind speed is calculated using anemometer and the tip speed ratio 
corresponding to the value is measured. This TSR value is compared with 
reference TSR value, the difference of which is fed to the MPPT controller. 
2.9.2 Power signal feedback (PSF) 
This mode of control strategy requires the knowledge of the wind turbine 
mechanical power versus rotor speed curve. From the power-speed curve the 
reference power is estimated. The error between the reference power and 
calculated power is fed back to the controller which then generates the control 
signal which ultimately makes the output power maximum (see Figure 10). The 
power values from optimum power characteristics gets stored in the lookup table 
which can be contracted at continuous iteration. 
 
 
Figure 10. Power signal feedback based MPPT control strategy 
The optimal power value is calculated from wind generator power versus speed 
characteristics, which is compared with observed generator power. The error is 
fed to the MPPT controller. 
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2.9.3 Hill climb search (HCS) 
Hill climb search algorithm is a mathematical optimization technique in where the 
control algorithm continuously tracks the optimum power point of the wind 
energy power-speed characteristics. In this method of control a particular variable 
such as converter duty cycle is monitored over small perturb size and by noticing 
the changes occurring in the output of the designed algorithm it changes the 
variable until the slope becomes zero. This method is preferred over other two 
method as it does not require the wind energy power-speed characteristics which 
is not accurate and keeps changing as the rotor ages (see Figure 11). Also the 
process is simpler and cheaper as no external device is needed for wind speed 
estimation. In some literature the authors have perturbed the converter variable 
such as duty cycle and observed the output power, in some other they control the 
converter output voltage and monitor the output power. 
 
 
Figure 11. Hill climb search MPPT control strategy 
The parameter 𝑋 (duty cycle, voltage, current etc.) is measured and compared with 
optimum value of that parameter 𝑋∗. The error is fed to MPPT controller which 
regulates the power converter to optimise the output of WECS. 
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3 CHAPTER 3 
3.1 MPPT Algorithm Design 
3.1.1 The Implemented MPPT technique 
The power from wind generator is fed to a diode bridge rectifier, so we have here; 
 𝑃𝑔 = 3𝑉𝑝ℎ𝐼𝑝ℎ = 𝑉𝑑𝑐𝐼𝑑𝑐 
 
(8) 
Where 𝑃𝑔 represents generator output power, 𝑉𝑝ℎ, 𝐼𝑝ℎ, 𝑉𝑑𝑐, 𝐼𝑑𝑐 are the output voltage and 
current of the PMSG and rectifier respectively. And the voltage 𝑉𝑑𝑐 can be given as; 
 
𝑉𝑑𝑐 =
3
𝜋
∫ 𝑉𝐿
𝜋/6
−𝜋/6
cos 𝜃  𝑑𝜃 =
3
𝜋
𝑉𝐿 =
3√6
𝜋
𝑉𝑝ℎ 
 
(9) 
where 𝑉𝐿, and 𝑉𝑝ℎ are the line and phase voltage of the three phase generator output. 
From the Figure 3 of wind generator power versus speed characteristics, it is evident that it has a 
single maximum power point and at maximum power production 
 𝑑𝑃
𝑑𝑤
= 0 
 
(10) 
Where 𝑤 represents the wind generator speed. Now applying differentiation chain rule [17] to the 
above equation we get 
 𝑑𝑃
𝑑𝑤
=
𝑑𝑃
𝑑𝐷
∗
𝑑𝐷
𝑑𝑉𝑤𝑔
∗
𝑑𝑉𝑑𝑐
𝑑𝑤𝑒
∗
𝑑𝑤𝑒
𝑑𝑤
= 0 
 
(11) 
Where, 𝑉𝑑𝑐= rectifier output voltage 
                                                    𝑤𝑒 = electrical speed (in electrical radian) = 𝑝 *𝑤 
 𝑝  = no. of pole pair 
𝑉𝑜 = output of converter 
For DC-DC boost converter: 
 
𝑉𝑑𝑐 = (1 − 𝐷) ∗ 𝑉𝑜 ,
𝑑𝐷
𝑑𝑉𝑑𝑐
= −
1
𝑉𝑜
≠ 0 
(12) 
 
For wind generator 
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 𝑑𝑤𝑒
𝑑𝑤
= 𝑝 ≠ 0 
(13) 
 𝑉𝑑𝑐 ∝ 𝑉𝑝ℎ (14) 
 
So 
 𝑑𝑉𝑑𝑐
𝑑𝑤𝑒
> 0 
(15) 
 
Combining all the above results it is clear that 
 𝑑𝑃
𝑑𝑤
∝ −
𝑑𝑃
𝑑𝐷
 
(16) 
 
This shows that the steepest-ascent algorithm is ensures convergence. The negative sign indicates 
that the rate of change of power with respect to generator speed is opposite to that of the duty 
cycle. Similarly from the plot of  𝑃𝑑𝑐 versus 𝑉𝑑𝑐 in Figure 12, it is also evident that at MPP 
 𝑑𝑃𝑑𝑐
𝑑𝑉𝑑𝑐
= 0 
 
(17) 
Hence  
 𝑑𝑃𝑑𝑐
𝑑𝑉𝑑𝑐
∝ −
𝑑𝑃
𝑑𝐷
 
(18) 
 
Hence maximum power point can also be achieved by feedback of rectified DC power, 
hence no need for wind speed estimation, and wind generator power-speed characteristic 
is required. The MPPT algorithm for above specified system is represented in Figure 13. 
 
Figure 12. Rectifier output power versus voltage graph for changing wind 
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3.1.2 MPPT Control algorithm 
 
 
 
 
  
Start 
Find 𝑉𝑚 , 𝐼𝑚 , 𝑉𝑚−1 and 𝐼𝑚−1 
 𝑃𝑚 = 𝑉𝑚 * 𝐼𝑚  
𝑃𝑚−1 = 𝑉𝑚−1 * 𝐼𝑚−1 
 𝑃𝑚 = 𝑉𝑚 * 𝐼𝑚  
𝑃𝑚−1 = 𝑉𝑚−1 * 𝐼𝑚−1 
𝑰𝒇 
𝜟𝑃𝑚 > 0 
𝑰𝒇 
𝜟𝑉𝑚 > 0 
𝑰𝒇 
𝜟𝑉𝑚−1 < 0 
𝐷𝑚
= 𝐷𝑚−1 + 𝜟𝐷𝑚 
𝐷𝑚
= 𝐷𝑚−1 + 𝜟𝐷𝑚 
𝐷𝑚
= 𝐷𝑚−1 + 𝜟𝐷𝑚 
𝐷𝑚
= 𝐷𝑚−1 + 𝜟𝐷𝑚 
m=m+1 
Go to Start 
Figure 13. MPPT Algorithm used in this thesis 
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3.1.3 Design of Boost DC-DC converter for WECS 
The boost converter does two purposes, it acts as an interface between PMSG power and 
Grid power, and at the same time it helps in power optimisation. The converter duty cycle 
is changed according to the MPPT algorithm. The output of the DC-DC boost converter 
is represented by; 
 
𝑉0 =
𝑉𝑖𝑛
1 − 𝑑
 
 
(19) 
Where 𝑑 =
𝑇𝑜𝑛
𝑇𝑜𝑓𝑓
 represents the duty cycle (0 < 𝑑 < 1) and 𝑉0, 𝑉𝑖𝑛 are the boost converter 
output and input voltage respectively. From the equation (19) it is clear that by reducing 
the duty cycle value we can get higher voltage value. The converter parameters can be 
selected as per the equation (20) and (21). 
 
𝐿𝑐 =
(1 − 𝑑)2𝑑𝑅𝐿
2𝑓𝑐
 
(20) 
 
𝐶𝑐 =
𝑑𝑉0
𝑓𝑐𝑅𝐿𝑉𝑟𝑖𝑝𝑝𝑙𝑒
 
(21) 
 
where 𝑅𝐿 is the load resistance which is connected to the converter terminal, 𝑓𝑐 is the 
converter switching frequency and 𝑉𝑟𝑖𝑝𝑝𝑙𝑒 is the ripple voltage. 
 
Figure 14. Boost DC-DC converter SIMULINK model 
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3.2 VF Control Operation 
3.2.1 SRF Based Voltage Frequency Controller 
In the Voltage-Frequency controller the active and reactive part of reference load current 
is calculated using synchronous reference field theory (SRF) and PI controllers are tuned 
to nullify steady state error. The load current is transformed from a-d-c frame to d-q-0 
frame with the help of Park’s transformation [31]. 
 
[
𝐼𝑑
𝐼𝑞
𝐼0
] = (
2
3
)
[
 
 
 
 cos ∅ cos (∅ −
2𝜋
3
) cos (∅ +
2𝜋
3
)
sin∅ sin (∅ −
2𝜋
3
) sin (∅ +
2𝜋
3
)
1/2 1/2 1/2 ]
 
 
 
 
[
𝐼𝑎
𝐼𝑏
𝐼𝑐
] 
 
(22) 
SRF method helps in estimating the reference load current for given VF control system. 
The load line currents (𝐼𝑎, 𝐼𝑏 , 𝐼𝑐) and terminal voltage (𝑉𝑎, 𝑉𝑏 , 𝑉𝑐) are used as feedback 
signal. In the equation (20) the unit vectors sin ∅ and cos ∅ can be derived using a phase 
locked loop (PLL) on terminal AC voltage signal. The d-q axis current consists of 
fundamental and harmonics as shown in (21), (22) from which harmonic components are 
removed using low-pass filters (LPFs).  
 𝐼𝑑 = 𝐼𝑑𝐷𝑐 + 𝐼𝑑𝐴𝑐 (23) 
 𝐼𝑞 = 𝐼𝑞𝐷𝑐 + 𝐼𝑞𝐴𝑐 
 
(24) 
3.2.1.1 d-axis current component estimation 
In order to estimate d-axis current component, frequency of the system (𝑓𝑠) is obtained 
through phase locked loop (PLL) which is compared with reference frequency and the 
error is fed to PI controller. 
 𝐼𝑑(𝑚) = 𝐼𝑑(𝑚 − 1) + 𝐾𝑃𝑑(𝑓𝑒𝑠(𝑚) − 𝑓𝑒𝑠(𝑚 − 1)) + 𝐾𝐼𝑑𝑓𝑒𝑠(𝑚) 
 
(25) 
 Where, 𝑓𝑒𝑠(𝑘) = 𝑓𝑠
∗ − 𝑓𝑠(𝑚) is the difference between reference (𝑓𝑠
∗
) and PLL 
determined frequency (𝑓𝑠) over terminal voltage at m
th instant of sample. 𝐾𝑃𝑑 and 𝐾𝐼𝑑 are 
the proportional and integral constants of the PI controller employed for frequency. The 
difference in the output of LPF and the output of PI-controller gives the d-axis reference 
load current as shown in (24) 
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 𝐼𝑑
∗ = 𝐼𝑑𝐷𝑐(𝑚) − 𝐼𝑑𝑏(𝑚) 
 
(26) 
3.2.1.2 q-axis current component estimation 
In order to estimate the q-axis source current the difference between reference voltage 
and terminal voltage amplitudes is fed to PI controller. The magnitude of AC source 
voltage calculated from terminal voltage (𝑉𝑎, 𝑉𝑏 , 𝑉𝑐) is given by; 
 
𝑉𝑠 = √
2(𝑉𝑎
2 + 𝑉𝑏
2 + 𝑉𝑐
2)
3
 
 
(27) 
Thus the q-axis current component is given by; 
 𝐼𝑞(𝑚) = 𝐼𝑞(𝑚 − 1) + 𝐾𝑃𝑞(𝑉𝑒𝑠(𝑚) − 𝑉𝑒𝑠(𝑚 − 1)) + 𝐾𝐼𝑞𝑓𝑒𝑠(𝑚) 
 
(28) 
Where, 𝑉𝑒𝑠(𝑘) = 𝑉𝑠
∗ − 𝑉𝑠(𝑚) represents the difference between reference terminal 
voltage (𝑉∗) and PCC estimated voltage (𝑉𝑠) at m
th sampling instant. 𝐾𝑃𝑞 and 𝐾𝐼𝑞 are the 
proportional and integral constants for the frequency PI controller. The difference in the 
output of LPF and the output of PI-controller gives the total d-axis load current as shown 
in (27) 
 𝐼𝑞
∗ = 𝐼𝑞𝐷𝑐(𝑚) − 𝐼𝑞𝑏(𝑚) 
 
(29) 
3.2.1.3 Reference axis current component 
The difference between the q-axis DC component and PI controller output gives the q-
axis reference source current.  
3.2.1.4 PWM generator 
The reference load current in d-q-0 frame is transferred to a-b-c frame with the help of 
reverse Park’s transformation theory as given in (28)  
 
[
𝐼𝑎
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3
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3
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[
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∗
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𝐼0
∗
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(30) 
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The output of the VFC gives the three phase reference load current. The difference 
between load reference and actual load current of the three phase system is fed to a 
proportional controller to amplify the error. This amplified error signal is then compared 
with the triangular high frequency carrier signal (above 5 kHz), and the gate pulse signal 
is generated for controlling PWM inverter (see Figure 15). 
 
Figure 15. Voltage frequency controller model 
 
3.3 Battery Storage sub-system (BSS) 
The BSS is used to store energy during high wind speed period when energy generation 
is more or during low energy demand cycle. Similarly it supplies the excess energy need 
during higher load demand. The BSS consists of a rechargeable Nickel-metal-Hydride 
battery, a series resistor (Rs) and a parallel combination of a resistor (Rd) and a capacitor 
(Cd).  The parallel combination of Rd and Cd defines the self-discharging cycle (see 
Figure 16). The series resistance is usually kept very small in the range of 0.001 Ω. 
The voltage rating of the BSS can be represented by 
 
𝑉𝑏𝑚𝑖𝑛 ≥ 2√
2
3
𝑉𝑑𝑐𝑙𝑖𝑛𝑘 
(31) 
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Where 𝑉𝑏,𝑚𝑖𝑛 is the minimum battery voltage rating, and 𝑉𝑑𝑐,𝑙𝑖𝑛𝑘is the reference DC 
link voltage that must be maintained. The capacitance value is calculated as per equation 
(32) 
  
 
𝐶𝑑 =
𝑘𝑊ℎ ∗ 7.2 ∗ 106
(𝑉𝑏𝑚𝑎𝑥
2 − 𝑉𝑏𝑚𝑖𝑛
2 )
 
(32) 
And the value of Rd is assumed to be 15kΩ. 
 
Figure 16. Battery based sub-system circuit 
3.4 Load sub-system 
Different loading frequently happening in power system are designed to confirm the 
proper working of the designed system. They are: 
a. Overload (sudden increase in load above rated capacity) 
b. Single phase to ground fault (in phase A) 
c. Non-linear fault (an RL load) 
The loads are connected to the system using circuit breaker in order to control the 
switching of different loads at different times. The MATLAB model for such subsystem 
is shown in Figure 17 
Vdclink Vb
Rs
RdCd




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Figure 17. Different load arrangement 
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4 CHAPTER 4 
 
 
 
Figure 18. Block diagram of implemented model 
In this WECS design a wind turbine is connected to PMSG whose power is rectified using 
diode bridge rectifier. The rectified power is then boosted up to the DC-link voltage level. 
The switching of Boost converter is controlled with MPPT controller. A battery is 
connected in the DC-link to supply or store the deficit or extra power needed. The DC 
power is converted to AC using IGBT inverter. The three phase load is connected to the 
inverter.  
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4.1 SIMULINK Models 
4.1.1 Overall WECS Model 
 
Figure 19. SIMULINK model of proposed WECS 
From the SIMULINK model it is observed that the WECS consists of a wind turbine, a 
PMSG, a diode bridge rectifier, a boost converter, a PWM inverter, a battery storage 
system, VF controller, filters and load sub-system.  
4.1.2 Wind Turbine-Generator Arrangement 
 
Figure 20. SIMULINK model of wind turbine and generator sub-system 
The turbine generator arrangement is shown in Figure 20. As PMSG do not require any 
gear arrangement hence the model is very simple and effective. The generator power is 
measured by multiplying the RMS values of line voltage and current. 
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4.1.3 VF Controller Model 
 
Figure 21. SIMULINK model for voltage frequency controller 
The VF controller takes nominal voltage, nominal frequency, three phase load current, 
terminal voltage, and grid frequency as input. With the help of PI controller and LPF it 
gives load reference currents. The reference frequency is 50 Hz and the reference voltage 
is 320V. 
4.1.4 PWM Signal Generator 
 
 
Figure 22. SIMULINK model for PWM current controller 
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The reference current from VFC is fed and compared with actual load line current and the error 
is magnified. This signal then gets compared with reference carrier signal it generate gate 
switching pulses. 
 
4.1.5 PWM Inverter 
 
Figure 23. PWM inverter circuit in SIMULINK 
The duty cycle output of PWM generator is fed to the inverter. The inverter consists of 
six MOSFET with gate supplied from duty cycle signal. The battery and inverter are 
connected to DC link. The maximum permissible current through MOSFET is given by; 
 𝐼𝑚𝑎𝑥 = 1.25 (𝐼𝑝𝑝 + √2𝐼𝑖𝑛𝑣) (33) 
Assuming a ripple current 𝐼𝑝𝑝 of 5 percent and rated current 15A, the IGBT rating is taken 
to be 30A and 1000V. 
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4.1.6 Battery Storage Sub-system 
 
Figure 24. SIMULINK model of Battery storage sub-system 
The battery storage system is designed in SIMULINK with resistor and capacitor circuit 
to define the charging and discharging cycle. The battery power is recorded in scope. 
 
𝑉𝑏𝑚𝑖𝑛 ≥ 2√
2
3
𝑉𝑑𝑐𝑙𝑖𝑛𝑘 
(34) 
As 𝑉𝑑𝑐𝑙𝑖𝑛𝑘= 410V. 𝑉𝑏𝑚𝑖𝑛 ≥ 670V. In this model it is assumed to be 750V. 
 
𝐶𝑑 =
𝑘𝑊ℎ ∗ 7.2 ∗ 106
(𝑉𝑏𝑚𝑎𝑥
2 − 𝑉𝑏𝑚𝑖𝑛
2 )
 
(35) 
𝑉𝑏𝑚𝑖𝑛 is assumed 750V and 𝑉𝑏𝑚𝑎𝑥 is assumed 820V. If the kWh rating of the battery is 
approximated as 100kWh then the capacitance value comes out to be 6551 F. 
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4.2 Results 
4.2.1 MPPT Control Result 
 
Figure 25. Wind Speed in m/s vs. Time 
 
Figure 26. Output power vs. Time without MPPT 
 
Figure 27. Output power vs. Time with MPPT 
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4.2.2 Voltage-frequency control result 
4.2.2.1 During Wind change 
Figure 28. Wind speed versus time plot for wind change at t=2.5s 
 
Figure 29. Frequency versus time plot for wind change at t=2.5s 
Figure 30. Terminal voltage versus time plot for wind change at t=2.5s 
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Figure 31. Terminal power versus time plot for wind change at t=2.5s 
 
Figure 32. Battery power versus time plot for wind change at t=2.5s 
4.2.2.2 During Overload 
 
 
Figure 33.  Frequency versus time plot for onerload at t=3s 
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Figure 34. Terminal voltage versus time plot for overload at t = 3 sec 
 
Figure 35. Terminal power versus time plot for overload at t = 3 sec 
 
Figure 36. Battery power versus time plot for overload at t = 3 sec 
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4.2.2.3 Single phase Line to Ground Fault (in phase A) 
 
 
Figure 37. Frequency versus time plot for single phase fault during time interval 2.5- 4 sec 
 
Figure 38. Terminal voltage versus time plot for single phase fault during time interval 2.5- 4 sec 
 
 
Figure 39. Terminal power versus time plot for single phase fault during time interval 2.5- 4 sec 
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Figure 40. Battery power versus time plot for single phase fault during time interval 2.5- 4 sec 
4.2.2.4 Non-linear RL Load 
 
 
Figure 41. Frequency versus time plot for non-linear load at time 2.5 sec 
 
Figure 42. Terminal voltage versus time plot for non-linear load at time 2.5 sec 
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.  
 
Figure 43. Terminal power versus time plot for non-linear load at time 2.5 sec 
 
Figure 44. Battery power versus time plot for non-linear load at time 2.5 sec 
 
4.3 Discussion 
From the Figure 25, 26, and 27 of MPPT Power versus time plot it is clearly visible that 
with MPPT action the generated output power of the PMSG is increased by 20%. This 
hence shows the fact that without the MPPT action auto tracking of maximum power is 
not possible. 
The action of VF controller to wind change at 2.5s (Figure 28-32) shows minor 
disturbances in frequency and terminal power seems to increase after wind change. The 
battery supplies more power at lower wind speed for speed below rated speed (Figure 
32). 
The output of VF controller to over load (Figure 33) shows very low variation in 
frequency from the reference value i.e. 50 Hz. From Figure 34, 35, and 36 it is observed 
that the terminal voltage of DC link is fixed at its reference value which is 320 V and the 
terminal power is observed to increase after overload and at the same time battery which 
is initially charging up to 3 sec starts supplying power. 
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During single phase to ground fault in phase-A (Figure 37-40) shows a constant grid 
frequency and the terminal voltage and power seems to vary during the period of fault 
(2.5-4 sec) but as the fault is removed the power and voltage fall back to normal condition. 
The battery which is getting charged before fault still charges but there is variation found 
in the charging. But as soon as the fault is removed battery continues in its original 
charging cycle. 
When non-linear RL load is connected to the grid there is little destabilization found in 
frequency (Figure 41-44). The terminal voltage quickly regains its original value as the 
load is removed. The battery quickly regains its charging cycle as the load is removed. 
This shows the action of VF controller. 
4.4 Ratings 
Turbine Specification: 
RATED MECHANICAL POWER OUTPUT 15 kW 
BASE WIND SPEED 12 m/s 
 
Generator Specification: 
STARTOR RESISTANCE (R) 0.43 Ω 
INDUCTIVE REACTANCE (XL) 0.2638 Ω 
PEAK TO PEAK LINE VOLTAGE 390 V 
RATED POWER 15 kW 
FLUX LINKAGE 1.083 V.s 
TORQUE CONSTANT 5.2 N.m 
INERTIA CONSTANT 0.012 kg.m^2 
VISCOUS DAMPING CONSTANT 0.00121 N.m.s 
POLE PAIRS 2 
 
Boost DC-DC Converter Specification: 
INDUCTANCE (Lc) 6.253 µH 
CAPACITANCE (Cc) 0.05 mH 
 
Rectifier side Parameter: 
CAPACITANCE (Cdc) 0.05 mH 
 
Battery Specification: 
BATTERY TYPE Nickel Metal Hydride 
RATED DISCHARGE CURRENT 1.6 A 
AMP HOUR  RATING 20 Ah 
RATED VOLTAGE 750 V 
INITIAL STATE OF CHARGE 80% 
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Load Specification: 
0.8 P.F THREE PHASE AC LOAD 12.5 kW 
0.9 P.F DIODE BRIDGE RECTIFIER 
CONNECTED RL LOAD 
10 kW 
 
Snubber Circuit Specification: 
SNUBBER RESISTANCE 500 Ω 
SNUBBER CAPACITANCE 0.025 µF 
 
PI Controller constant 
𝐾𝑃𝑑 15 
𝐾𝐼𝑑 280 
𝐾𝑃𝑞 0.12 
𝐾𝐼𝑞 260 
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5 CHAPTER 5 
5.1 Summary 
A stand-alone WECS is designed using power electronic converters and PMSG to extract 
maximum power at varying wind speed and to balance the effect of voltage and frequency 
variation due to change in load conditions. We can see from the results of MPPT 
algorithm on wind generator power output that without MPPT the PMSG power was low 
and after implementation of MPPT it has been enhanced. Similarly from the results of 
voltage and frequency control the following results are observed, even with non-linear 
load; 
a. Successful removal of voltage and current harmonics. 
b. Load balancing even at faults. 
c. Indirect current control action. 
d. DC and AC bus-bar stabilization. 
Also, the battery based system (BBS) output at these variable loading is also observed 
and it is found that during sudden increase in load the battery starts discharging and during 
high wind condition it gets charged. 
 
5.2 Future Works 
The techniques used in this thesis for power, voltage, and frequency optimisation have 
also many drawbacks. So, it can be used as reference for extending the scope of wind 
energy for future studies such as; 
1. The effectiveness of given controllers with interconnected systems can be studied. 
The efficiency of the algorithm can be challenged for faults in one system and its 
effect on nearby subsystems. 
2. Design of a hybrid wind, solar and diesel/coal system keeping in mind the demand 
of future needs. As the future energy demand is exponentially growing and the 
transition from fossil based power plants to renewable plants will take some time, 
we can design a hybrid system to ease out the process. 
3. An efficient and modified MPPT algorithm can be designed which leads to faster 
tracking of optimum power at any wind condition. The step size used in such a 
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MPPT algorithm will automatically decrease as it senses the optimum power 
point. Hence reducing oscillation about the MPP. This must not require any 
measurement of wind speed. 
4. Performance of SRF theorem with hysteresis controller rather than PWM 
controller can be studied. Some of the literature states that hysteresis controller 
leads to much lower harmonics compared to PWM. The comparison can be made 
between these two control strategies. 
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